During the 48-h intraerythrocytic life cycle of Plasmodium falciparum, a large portion of host hemoglobin is degraded (19) . However, the parasite is unable to catabolyze heme, which aggregates to form an insoluble polymer called malarial pigment or hemozoin (HE) (19, 20, 42) . Crude, unpurified HE, as is present within the food vacuole (the parasite's digestive organelle), contains large amounts of ferriprotoporphyrin IX, a globin related to host hemoglobin, and a variety of lipids and proteins of host and parasitic origin (6, 20, 48) .
In vitro and in vivo studies have shown that monocytes and resident macrophages ingest HE or HE-containing parasitized erythrocytes (1, 16, 47) . Large proportions of resident macrophages and circulating monocytes and leukocytes are loaded with HE in malaria (8, 16, 27) . HE may persist, apparently unchanged, in macrophages for several months (16) . In vitro studies have shown that HE-fed monocytes are viable but functionally impaired. They are unable to digest HE or to repeat phagocytosis (40) , to generate the oxidative burst upon appropriate stimulation (36) or to kill ingested bacteria, fungi, or tumor cells (15) . In addition, membrane translocation and activity of protein kinase C (PKC) were precociously and severely impaired (39) . Moreover, HE-fed human and murine monocytes/macrophages were found to release large amounts of tumor necrosis factor alpha (29, 31, 41) , nitric oxide (30, 45) , macrophage-inhibitory protein 1␣ and macrophage-inhibitory protein 1␤ (41) , and reduced amounts of interleukin-6 (IL-6) (31) .
Several studies have shown impaired immune responsiveness in P. falciparum malaria (see references 46 and 50 for reviews). Altered cellular responses to blood-stage Plasmodium antigens, reduced T-cell proliferation, and alterations of lymphocyte functions were observed in acute malaria (see references 21 and 22 for reviews). Other studies also suggested depression of macrophage function (23, 25) and defects in antigen presentation (49, 50) .
Derangement of macrophage functions and the immune response in malaria, widespread HE presence in phagocytes, inhibition of PKC in HE-loaded monocytes, and PKC involvement in the expression of a number of surface molecules have prompted the present work, which was aimed at studying the expression of surface molecules selected according to their roles in antigen presentation and the T-cell-dependent immune response (major histocompatibility complex [ (24, 28) .
MATERIALS AND METHODS
Preparation of human monocytes. Peripheral blood mononuclear cells (PBMC) were separated as previously indicated (7) from freshly collected platelet-poor buffy coats discarded from blood samples from healthy adult donors of both sexes. Separated cells were washed once with lukewarm phosphate-buffered saline (PBS) supplemented with 10 mM glucose (PBS-G) and resuspended at 5 ϫ 10 6 cells/ml in ice-cold RPMI 1640 medium supplemented with 23 mM NaHCO 3 and 25 mM HEPES, pH 7.4 (RMBH). Dynabeads M450 Pan B and Pan T (Dynal) were added to the cells in a 4:1 ratio for 20 min at 4°C. B and T lymphocytes were removed as specified by the manufacturer. The remaining monocytes were washed twice in RMBH and resuspended in AIM V cell culture medium (Gibco) at 10 6 cell/ml. For fluorescence-activated cell sorter analysis, monocytes were separated from washed PBMC by a second separation on hyperosmotic Ficoll (Sigma). The original method of Recalde (33) was modified as follows. A total of 5 ϫ 10 8 PBMC were resuspended in 30 ml of PBS-G and kept for 10 min at 37°C. Thereafter, 150 l of a 9% NaCl solution was added and cells were reincubated for 12 min at 37°C. An aliquot of 300 l of a 9% NaCl solution was added twice. Cells were incubated for 12 min after each addition. Finally, cells were resuspended with 60 ml of hyperosmotic PBS containing 2.5 mg of NaCl/ml and separated on 30 ml of Ficoll containing 3 mg of NaCl/ml by centrifugation at 700 ϫ g for 25 min. The monocyte layer was collected, washed with PBS-G at 37°C, and resuspended in AIM V medium at 10 6 cells/ml. Purified cells were Ͼ90% monocytes as assessed by CD14 expression.
Preparation and opsonization of HE. HE was prepared from P. falciparum cultures (strain FCR-3) by osmotic shock and four washes with ice-cold distilled water and opsonized without any further purification immediately before phagocytosis with an equal volume of fresh human serum for 30 min at 37°C as previously indicated (40) . HE was quantified according its heme content by a luminescence method (38) .
Phagocytosis of opsonized HE, opsonized human erythrocytes, and opsonized latex beads by adherent monocytes. Phagocytosis of fresh-serum-opsonized HE, of human erythrocytes opsonized with anti-D(Rh o ) IgG (40) , and of fresh-serumopsonized latex beads was initiated by mixing 10 erythrocytes per monocyte, an equivalent amount of HE in terms of heme content (for details of heme quantification, see reference 38), or 1 l of opsonized latex bead (0.1-m average diameter; Sigma) suspension (latex beads, RMBH, and fresh human serum, 1:
6 monocytes. Suspensions were briefly centrifuged (150 ϫ g for 5 s at room temperature) to improve contact between the erythrocytes, HE or latex beads, and monocytes. To avoid the attachment of monocytes after centrifugation and during the whole incubation period, cells were kept in suspension at 5 ϫ 10 6 cells/5 ml of AIM V medium in 6-cm-diameter Teflon-bottom dishes (Heraeus) in a humidified incubator (95% air, 5% CO 2 ) at 37°C. Stimulation with 200 U of human recombinant gamma interferon (IFN-␥) (a gift of G. Garotta, Roche, Basel, Switzerland)/ml was performed 12 h after the start of phagocytosis, if not indicated otherwise. On average, Ն90% of the monocytes phagocytosed HE or latex beads, and Ն80% of monocytes phagocytosed opsonized erythrocytes, as assessed by microscopic inspection. Control cells were kept under similar conditions without phagocytosis and with and without addition of IFN-␥.
Flow cytometry analysis. Before phagocytosis and 48 h after the beginning of phagocytosis, monocytes were harvested by aspiration. Residual adherent monocytes were scraped off without noticeable alterations. After three washings with PBS, an indirect immunofluorescence test was performed by reacting 10 6 cells in suspension with appropriate dilutions of purified monoclonal antibody (MAb) or hybridoma cell culture supernatants for 30 min at 4°C. MAbs used in this study were as follows: NL07 (2), anti-CD36; W6/32 (American Type Culture Collection), anti-MHC class I; OKMI (Ortho Diagnostics), anti-CD11b; 2.9 (9), anti-MHC class II-DR, -DP, and -DQ; MC105 (The Binding Site), anti-CD11c; 3C10 (American Type Culture Collection), anti-CD14; 3G8 (Immunotech), anti-CD16; IV.3 (American Type Culture Collection), anti-CD32; CD54 (Serotec), anti-CD54; 32.2 (Medarex), anti-CD64; and CB04 (26), anti-CD35. Controls were class-matched irrelevant MAbs. Bound antibody was revealed by fluoroscein isothiocyanate (FITC)-conjugated F(abЈ) 2 goat anti-mouse Ig (Technogenetics). Cells were then analyzed on a FACScan flow cytometer (Becton Dickinson), by PC-LYSYS software.
Expression of specific mRNA for MHC class I and class II antigens. Fortyeight hours after the start of phagocytosis and 24 h after addition of 200 U of IFN-␥/ml, monocytes were harvested and sedimented by centrifugation. The supernatant was discarded and total RNA was isolated from 5 ϫ 10 6 monocytes by RNAzol B extraction as specified by the manufacturer (Biotech X Laboratories) and quantified by optical density (OD) measurement. The cDNA synthesis from 15 ng of total cellular RNA from each extract was performed with 25 ng of random primers (Gibco BRL), 200 U of Moloney murine leukemia virus reverse transcriptase (Gibco BRL), and 20 U of RNase inhibitor (Boehringer Mannheim). Reverse transcription was terminated after 60 min of incubation at 37°C by a 95°C treatment of samples for 5 min. Subsequently, PCR was carried out in the same tube used for reverse transcription, adding 20 pmol of each oligonucleotide primer and 5 U of Ampli Taq DNA polymerase (Perkin-Elmer) in a final volume of 100 l. The volume was adjusted with PCR buffer. Oligonucleotide primers were designed for conserved sequences coding for the human MHC class I B (sense oligonucleotide, 5Ј-ACA GTG CCC AGG GCT CTG AT-3Ј; antisense oligonucleotide, 5Ј-AGA GGC TCT TGA AGT CAC AA-3Ј) and class II B (sense oligonucleotide, 5Ј-GAT TGG ACC TTC CAG ACC CTG-3Ј; antisense oligonucleotide, 5Ј-ACT TGG GTG CTC CAC TTG GCA-3Ј) chains from the DR1 haplotype and were synthesized by C. Bernd, Institute of Pathological and Clinical Biochemistry, Humboldt University, Berlin, Germany. Samples were subjected to 25 cycles consisting of 45 s at 95°C, 45 s at 48°C, and 60 s at 70°C and to an additional extension step of 5 min at 70°C in a Biometra Uni Thermoblock. Portions of 18 l of the PCR products were electrophoresed on a 3% agarose gel (NuSieve GTG; Biozym) in Tris-borate-EDTA buffer containing ethidium bromide. Bands were detected by ethidium bromidedependent fluorescence. The PCR products of MHC class I and class II genes had 118 and 81 bp, respectively. The quantity of PCR products for MHC class I and class II obtained was dependent on the amount of MHC-specific mRNA in the cells when total mRNA extract was employed in the range of 7.5 to 60 ng for reverse transcription and PCR.
RESULTS
HE phagocytosis abrogates the IFN-␥ effect on MHC class II expression. Flow cytometry analysis showed that the constitutive expression of MHC class II antigens on the surfaces of suspended human monocytes was very low in HE-fed and in unfed monocytes examined 48 h after the start of phagocytosis. Expression of class II antigens in HE-fed monocytes was not increased after IFN-␥ stimulation (200 U/ml was added for 36 h 12 h after the start of phagocytosis) (Fig. 1, left panel) . By contrast, phagocytosis of serum-opsonized latex beads enhanced expression of MHC class II antigens 3.6-fold without IFN-␥ stimulation and 33-fold with IFN-␥ stimulation (200 U/ml was added for 36 h 12 h after the start of phagocytosis) (Fig. 1, right panel) . Similar results were obtained when IFN-␥ stimulation was applied 5 h after the start of phagocytosis (not shown). Ingestion of serum-opsonized HE and latex beads did not modify the physical characteristics of suspended monocytes, as indicated by the constancy of the forward-scatter and side-scatter data (not shown).
MHC class I and class II mRNA contents of monocytes were compared by reverse transcriptase PCR (RT-PCR). The amount of PCR products for MHC classes I and II reflected the amount of specific cellular RNA when total cellular RNA was used in the range of 7.5 to 60 ng in the RT-PCR. Increases in fluorescence intensity of PCR products for MHC class I (118 bp) and class II (84 bp) were observed in the above range with increasing amounts of total RNA extract (Fig. 2) . For each of the following RT-PCRs, 15 ng of total RNA extract was employed. This allowed us to compare the amounts of PCR products for MHC class I and class II from differently treated cells and to extrapolate them to differences in cellular content of MHC class I and class II mRNA at the time of RNA extraction.
Similar to the expression of protein product in HE-fed monocytes examined 48 h after the start of phagocytosis, the steady-state level of MHC class II mRNA was very low and almost unresponsive to IFN-␥ stimulation. In unfed monocytes, the expression of MHC class II mRNA did not change over 48 h but was remarkably enhanced after IFN-␥ stimulation (Fig. 3, upper panel) . Based on the dependency of output of class II-specific products on the amount of RNA used in the RT-PCR (Fig. 2) , we can estimate by OD quantification that the amount of class II mRNA was at least three times lower in IFN-␥-stimulated, HE-loaded monocytes than in IFN-␥-stimulated control cells. Compared to that in time-matched unfed monocytes, expression of MHC class II mRNA was slightly increased 48 h after phagocytosis of opsonized latex beads or opsonized erythrocytes and was remarkably increased after IFN-␥ stimulation (Fig. 3, lower panel) . Thus, HE phagocytosis apparently hindered upregulation of MHC class II expression at the mRNA and protein levels. The remarkable differences in the IFN-␥ response observed in HE-fed and latex-bead-fed cells may exclude nonspecific effects due to lysosomal occupancy related to the phagocytic process and may indicate a specific effect of HE. Expression of MHC class I mRNA was not modified after phagocytosis of any of the phagocytic targets used here and did not respond to IFN-␥ stimulation (Fig. 3) . Also, the amounts of extracted total RNA did not differ significantly in differently treated cells. Contrary to expectations, the stimulation of unfed monocytes with 200 U of IFN-␥/ml for 2, 6, 12, or 24 h did not modify the level of MHC class I-specific mRNA (data not shown). Consequently, in the present experimental system, class I mRNA can be considered an internal standard for RT-PCR. The higher expression of class I mRNA in untreated control cells and the relatively lower expression of class I mRNA in IFN-␥-treated control cells (shown in the upper panel of Fig. 3 ) was detected occasionally and was probably caused by usage of a larger amount of RNA in untreated control cells due to imprecise quantification via OD.
Effect of HE phagocytosis on expression of membrane antigens. Flow cytometry analysis was performed on the following cell surface antigens constitutively expressed on monocytes: MHC class I, CD32 (low-affinity Fc receptor for aggregated IgG), CD11c (p150,95 integrin), and CD54 (ICAM-1). These cell surface antigens were studied 48 h after phagocytosis of HE and latex beads. As shown in Fig. 4 , after 48 h of culturing, expression of MHC class I and CD11c did not change, while expression of CD32 and CD54 was stimulated in unfed control monocytes. Phagocytosis of either HE or latex beads slightly reduced class I expression and abrogated the increase in CD32, while only HE phagocytosis downregulated expression of CD11c and reduced upregulation of CD54. Thus, HE phagocytosis seems to interfere specifically with expression of CD11c and CD54.
The study also included expression of the following cell surface antigens: CD16 (low-affinity Fc receptor for aggregated IgG), CD64 (high-affinity receptor for IgG,, CD11b (receptor for complement component iC3b [CR3]), CD35 (receptor for complement components C3b and C4b [CR1]), and CD36 (non-class-A scavenger receptor [28] ). These results are not shown, either because changes (for example, drops in CD16 and CD64) elicited by phagocytosis of latex beads and HE were similar or because HE-specific effects were small (for example, a minor drop in CD11b and CD35 in HE-fed versus latex-fed cells) and not significant.
DISCUSSION
The reduction or lack of immune responsiveness toward a wide range of antigens has been noted in both human and experimental malaria. Altered immune reactivity involves both lower production of specific antibodies and reduced lymphocyte proliferation in culture in the presence of a given antigen. In human malaria, immunosuppression appears late in the acute phase of the disease and can last a long time after the clearance of parasites from the circulation (see references 23 and 46 for reviews). Nigerian children with acute P. falciparum malaria showed diminished antibody responses to the O antigen of Salmonella typhi and to tetanus toxoid (21) . Similar results were observed after the vaccination of Nigerian children with meningococcal vaccine (51) . There was a significant correlation between the degrees of immunosuppression and parasitemia (5, 51) . The mechanism of altered immune reactivity is not clear, although the functional defect of splenic Increasing amounts (7.5 to 60 ng, quantified by OD, as indicated under the lanes) of total RNA extracted from human monocytes were employed in reverse transcription with Moloney murine leukemia virus reverse transcriptase for 1 h, followed by PCR in the same tube (100-l final volume, 25 cycles). RT-PCR was performed in duplicate with each of the indicated total RNA amounts. Specific primers for conserved regions in MHC class I and class II genes were utilized to obtain PCR products of 118 and 81 bp, respectively. PCR products were separated on a 3% agarose gel and stained with ethidium bromide. DNA size standards are indicated on the right. macrophages as antigen-presenting cells has been implicated (49) .
The aim of the present work was to determine functional alterations in the monocyte/macrophage system that may be causally connected with altered T-cell-dependent immune reactivity and possibly with defective antigen presentation in the organs of P. falciparum-harboring patients.
Isolated circulating monocytes can be functionally similar to resident macrophages and professional dendritic leukocytes that express MHC class II and adhesive protein, and they can act as antigen-presenting and T-cell-immunostimulating cells in the microenvironment of blood-filtering organs, such as the spleen, the liver, and the bone marrow (24) . Macrophages residing in blood-filtering organs and young monocytes under constitutive renewal in bone marrow may take up locally released HE and HE-containing late parasite forms. Dendritic leukocytes reside in the marginal zone between the bloodfiltering (red pulp) and the lymphoid (white pulp) compartments. These cells may also take up HE and can be impaired in their T-cell-targeted immunostimulating functions (24) .
HE loading in resident macrophages and in circulating leukocytes and monocytes is massive in malaria (8, 16, 27) ; of note, the percentages of heavily HE-laden leukocytes and macrophages seem to roughly correlate with the severity of the disease (27) . In vitro, monocytes also ingest large amounts of HE (38, 40) . HE is persistently present in monocytes, where it can be observed to be apparently unmodified after several days in vitro (40) and after several months in vivo after clearance of parasites (8, 16) . Under these conditions, HE-laden phagocytes are alive and metabolically active although impaired in important functions (15, (36) (37) (38) (39) (40) .
The main result of the present work was the defective induction of MHC class II in response to IFN-␥ stimulation in HE-laden monocytes. Class II is upregulated in human mac- rophages by IFN-␥ (the major physiological inducer), tumor necrosis factor, IL-4, and granulocyte-macrophage colonystimulating factor and downregulated by prostaglandin E2, IFN-␣/␤, colony-stimulating factor 1, ␣-macroglobulin, ␣-fetoprotein, and corticosteroids (see reference 18 for a review). The abrogation of MHC class II expression observed here was present at the protein expression level, where no upregulation of class II antigens could be elicited even after 36 h of stimulation with IFN-␥. The effect was also evident at the mRNA level. Low induction of expression of specific MHC class II mRNA was seen under similar conditions of IFN-␥ stimulation. Phagocytosis of serum-opsonized latex beads and IgGopsonized, nonparasitized erythrocytes substantially increased the expression of class II mRNA and class II antigens but did not modify the IFN-␥-induced increase of MHC class II. Thus, the HE-elicited effect seems to be specific and not due to the phagocytic process per se. The effect of HE was seen rather quickly, since occupancy of monocytes by HE for 5 h did not modify the basal level of class II expression but was sufficient to fully abrogate its upregulation.
In bacterial or parasitic diseases such as malaria, upregulation of MHC class II for antigen presentation is important to ensure adequate helper-T-cell development and to determine the outcomes of disease and secondary infections. Consequently, the lack of expression at the cell surface of MHC class II following a specific stimulus such as IFN-␥ may also explain defects in T-cell activation observed in malaria and be consistent with manifestations of altered T-cell-dependent immune reactivity mentioned above.
The HE-induced inability of monocytes to upregulate expression of MHC class II after IFN-␥ stimulation described in the present study adds to a series of analogous yet very heterogenous observations in other bacterial and parasitic diseases for which impaired class II responses have been described (see reference 34 for a review). For example, it has been observed that after ingestion of Mycobacterium, macrophages showed reduced expression of class II antigens (17) ; that Leishmania donovani, an obligate intracellular protozoan, suppressed macrophage expression of class II (and class I) in response to IFN-␥ stimulation (34, 35) ; and that supernatants from monocytes inoculated with L. donovani contained a soluble factor which prevented class II upregulation by IFN-␥ in naive monocytes (12) . An impaired class II response was accompanied by defective antigen presentation and suppression of the T-cell response in mycobacterial (17) and Leishmania (32) infections.
The present data suggest a link between the HE loading of phagocytes, the suppression of IFN-␥ responsiveness, the failure of MHC class II upregulation, and disturbances in antigen presentation and immunodepression in malaria. Mechanistically, the abrogation of the IFN-␥ signal is unexplained. PKCmediated phosphorylations have been involved in IFN-␥-mediated enhancement of MHC class II (14, 43) . Previous work by our group has shown that HE inhibited PKC translocation and PKC activity (39) . Recent data (37) indicate that PKC inhibition may be the consequence of markedly increased levels of 4-hydroxynonenal (HNE) in HE-loaded monocytes. HNE, a highly potent toxic aldehyde originating from lipoperoxidation of unsaturated fatty acids (see reference 13 for a review), accumulates in membranes and may inactivate other protein kinase-dependent processes. Preliminary experiments (35a) showing that low micromolar concentrations of HNE inhibited IFN-␥-mediated MHC class II expression and mimicked HE action seem to substantiate the involvement of PKC.
Quite recently, it has been shown that HE-fed, but not erythrocyte-fed, human monocytes produce high levels of IL-10 (27a). IL-10 seems to be important for the downregulation of the immune response, because it decreases expression of class II and leads to reduced proliferation of human T cells (11) . However, other IL-10 effects (increased expression of CD14, CD64, and class I and an increase in phagocytic activity [44] ) were not observed after HE phagocytosis. Thus, IL-10 may be only partially responsible for the HE effects reported here.
CD54 (ICAM-1), an adhesion molecule present on the surfaces of monocytes and other antigen-presenting cells, contributes considerably to the capacity of these cells to adhere and stimulate T-cell proliferation by reinforcing the signal from the T-cell receptor (4, 10) . CD54 is very weakly expressed in nonstimulated monocytes and is upregulated upon maturation, as confirmed by present data. Our observation that HE-laden but not latex-bead-laden monocytes have reduced spontaneous upregulation of CD54 may help to explain the defective T-cell response in malaria.
CD11c, which belongs to the ␤ 2 family of integrins, is expressed mostly on monocytes and granulocytes but also on activated T and B cells (3) . By using a CD8 ϩ T-cell line which expressed a high level of CD11c, CD11c has been recently identified as the ligand for ICAM-1 in the rabbit (3) . If these data can be confirmed for humans, the lack of spontaneous upregulation of CD11c in HE-laden monocytes may add to the defective response of ICAM-1 as a negative factor for the T-cell response in malaria.
In conclusion only expression of molecules that play essential roles in antigen presentation and the T-cell response, namely, MHC class II, CD54, and CD11c, appeared to be specifically hindered or blocked after HE phagocytosis. Thus, despite their phenomenological character, the present data may offer a way to identify a defective process (IFN-␥-responsive upregulation of critical molecules) and toxic mediators (HE and HNE) as possible causes of alterations of the immune response in human malaria.
